The time course of synaptic conductance is important in temporal precision of information processing in the neuronal network. The AMPA receptor (AMPAR)-mediated EPSCs at the calyx of Held become faster in decay time as animals mature. To clarify how desensitization and deactivation of AMPARs contribute to developmental speeding of EPSCs, we compared the decay time of quantal EPSCs (qEPSCs) with the deactivation and desensitization times of AMPAR currents induced in excised patches by fast glutamate application (AMPA patch currents). Both the deactivation and desensitization times of AMPA patch currents became markedly faster from postnatal day 7 (P7) to P14 and changed little thereafter. In individual neurons, throughout development (P7-P21), the time constants of deactivation and fast desensitization in AMPA patch currents were similar to each other and close to the qEPSC decay time constant. Cyclothiazide (CTZ) abolished the fast desensitization, prolonged deactivation of AMPA patch currents, and slowed the decay time of EPSCs. The effects of CTZ on AMPA patch currents were unchanged throughout development, whereas its effect on EPSCs became weaker as animals matured. In single-cell reverse transcription-PCR analysis, glutamate receptor subunit 4 (GluR4) flop increased from P7 to P14 and changed little thereafter. At P7, the GluR4 flop abundance had an inverse correlation with the qEPSC decay time. These results together suggest that both desensitization and deactivation of AMPARs are involved in the EPSC decay time, but the contribution of desensitization decreases during postnatal development at the calyx of Held.
Introduction
Developmental speeding in the decay time of synaptic currents is commonly observed at both excitatory (Sakmann and Brenner, 1978; Fischbach and Schuetze, 1980) and inhibitory (Takahashi et al., 1992; Okada et al., 2000) synapses. At the excitatory synapse, speeding of the synaptic current decay contributes to faster rising EPSPs and reduced spike jitter, thereby increasing the temporal precision of synaptic transmission (Galarreta and Hestrin, 2001; Cathala et al., 2003) , which is essential for accurate sensory perceptions, organized motor movements, and cognition. Developmental switches of postsynaptic receptor subunits underlie speeding in the decay time of synaptic currents mediated by nicotinic acetylcholine receptors (Mishina et al., 1986) , glycine receptors (Takahashi et al., 1992) , GABA A receptors (Okada et al., 2000) , and NMDA receptors (NMDARs) Takahashi et al., 1996) . Like other synaptic currents, the decay time of AMPA-EPSCs at the calyx of Held becomes faster during postnatal development (Taschenberger and von Gersdorff, 2000; Futai et al., 2001; Iwasaki and Takahashi, 2001; Joshi and Wang, 2002; Wall et al., 2002; Yamashita et al., 2003) . However, it is not known whether the switch of AMPA receptor (AMPAR) subunits underlies this developmental speeding.
At synapses, where transmitter is rapidly cleared away from the synaptic cleft, the decay time of synaptic currents is determined primarily by the ion channel gating (Magleby and Stevens, 1972; Katz and Miledi, 1973) , which is reflected in the mean burst duration of ligand-induced single-channel currents (Mishina et al., 1986; Takahashi et al., 1992 Takahashi et al., , 1996 Singer et al., 1998) or the deactivation time of multiple channel currents after washout of a ligand (Silver et al., 1996) . This is thought to be the main factor shaping the decay of quantal AMPA-EPSCs at the cerebral cortical (Hestrin, 1992) and cerebellar granule cell (Colquhoun et al., 1992; Silver et al., 1996) synapses. In contrast, at synapses where transmitter clearance is relatively slow and receptor desensitization is fast, the decay time of synaptic currents can be shaped by desensitization of AMPARs. Typically, at the chick auditory synapse where transmitter released from multiple sites overlaps, fast desensitization of AMPARs shapes the decay of evoked EPSCs (Trussell and Fischbach, 1989; Trussell et al., 1993; Raman and Trussell, 1995) .
At glutamatergic CNS synapse, during postnatal development, the kinetics of desensitization and deactivation of AMPARs as well as the speed of transmitter clearance may all change and potentially be involved in the developmental speeding of EPSCs. In the present study, using brainstem slices of developing rats, we compared the decay time of AMPA-quantal EPSCs (qEPSCs) with the desensitization and deactivation times of AMPAR currents, induced by fast glutamate application in patches excised from principal neurons in the medial nucleus of trapezoid body (MNTB). Furthermore, to clarify molecular correlates after recording qEPSCs, we performed quantitative single-cell reverse transcription (RT)-PCR analysis on mRNAs harvested from postsynaptic MNTB neurons. Our results suggest that both desensitization and deactivation of AMPARs, which become faster with development, shape the decay time of qEPSCs with the former contribution decreasing as animals mature.
Materials and Methods
Preparation and solutions. All experiments were performed in accordance with the guidelines of the Physiological Society of Japan. Transverse brainstem slices (150 -250 m thick) containing MNTB were prepared from Wistar rats [postnatal day 6 (P6) to P22] that had been killed by decapitation under halothane anesthesia as described previously (Forsythe and Barnes-Davies, 1993) . Slices were incubated at 36 -37°C for 1 hr and then maintained at room temperature (22-26°C). MNTB principal neurons were identified visually with a 40ϫ water immersion objective (Zeiss, Oberkochen, Germany) attached to an upright microscope (Axioskop; Zeiss). The standard artificial CSF (aCSF) for perfusion contained (in mM) 125 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , 10 glucose, 3 myoinositol, 2 sodium pyruvate, and 0.5 ascorbic acid, pH 7.4 when bubbled with 5% CO 2 and 95% O 2 . The aCSF routinely contained bicuculline methiodide (10 M; Sigma, St. Louis, MO) and strychnine hydrochloride (0.5 M; Sigma) to block inhibitory synaptic responses. Recording patch pipettes were filled with a solution containing (in mM) 110 CsF, 30 CsCl, 10 HEPES, 5 EGTA, 1 MgCl 2 , and 5 N-(2,6-diethylphenylcarbamoylmethyl)-triethyl-ammonium chloride (QX-314; Alomone Labs, Jerusalem, Israel), pH adjusted to 7.3 with CsOH.
Recordings. Whole-cell recording of EPSCs and outside-out patch recording of glutamate-induced currents were made from the MNTB principal neurons using a patch-clamp amplifier (Axopatch 200B; Axon Instruments, Foster City, CA) under voltage clamp at the holding potential of Ϫ70 mV. Patch pipettes were pulled from standard-wall borosilicate glasses (GC150F-7.5; Harvard Apparatus, Edenbridge, UK) for the resistance of 2-3 M⍀. The access resistance was 4 -8 M⍀, which was routinely compensated by 70 -80%. To evoke EPSCs, a bipolar tungsten electrode for stimulation was positioned on the surface of slices halfway between the midline and the MNTB. EPSCs derived from the calyx of Held were identified as those evoked in an all-or-none manner for graded stimulus intensity and those having an amplitude Ͼ1 nA at Ϫ70 mV (Forsythe and Barnes-Davies, 1993) .
Fast glutamate application. Double-barreled application pipettes were fabricated from theta glass tubes (outer diameter, 2.0 mm; TGC200-10; Harvard Apparatus) pulled for a tip diameter of 200 -300 m (Koike et al., 2000) . Control and test solutions were continuously passed through each barrel of the application pipette using static pressure. The application pipette was rapidly moved by a square voltage pulse (15-25 V, 0.7 msec to 1 sec) applied to a piezoelectric device (Burleigh Instruments, Fishers, NY). The time required for solution exchange was measured from a change in junction potential when the solution was switched from the standard aCSF to the 10 times diluted aCSF (see Fig. 1 A) . The 10 -90% rise time and 10 -90% decay time of the solution exchange was 148 Ϯ 7 sec and 124 Ϯ 10 sec, respectively (n ϭ 5). To block NMDARs, D-APV (50 M; Tocris Cookson, Bristol, UK) was routinely included in the aCSF.
Data analysis. All records were low-pass filtered at 5 kHz and digitized at 50 kHz using a Digidata 1322A analog-to-digital converter with pClamp8 software (Axon Instruments). Data of qEPSCs were stored on tape (sampling rate, 48 kHz; CDAT4; Cygnus Technology, Delaware Water Gap, PA) and analyzed off-line using Axograph software (Axon Instruments). The qEPSCs having amplitudes more than three times larger than the noise SD was accepted as a signal using the sliding template method implemented in Axograph (Clements and Bekkers, 1997) . The decay time of averaged qEPSCs and the desensitization time course of AMPAR currents were fitted with double-exponential functions, and the weighted mean time constant ( m ) was calculated from individual time constants ( f , s ) and their relative amplitudes (a f , a s ) as follows: m ϭ a f f ϩ a s s .
All values were expressed as means Ϯ SEM. Statistical analysis was made using ANOVA followed by Scheffe's test, unless noted otherwise.
Single-cell quantitative RT-PCR. Patch pipettes used for the RT-PCR experiments had a resistance of 1.5-3.0 M⍀ when filled with the pipette solution containing an RNase inhibitor (200 U/ml; Invitrogen, San Diego, CA or Promega, Madison, WI). The glass tubes used for patch pipettes were heated at 200°C for 2 hr before pulling. After recording qEPSCs, cytoplasm of an MNTB principal cell was harvested into a patch pipette. After confirming no contamination in the pipette under a microscope, we expelled all contents in the patch pipette into a tube of one-step RT-PCR reaction mixture (total volume, 50 l; Amersham Biosciences, Piscataway, NJ). The reverse transcription reactions were performed using oligo(dT)12-18 (Invitrogen) and AMPAR reverse transcription primers (Sigma Genosys) at 42°C for 30 min. The subsequent PCR protocol was as follows: 95°C for 5 min; 25 cycles at 94°C for 10 sec, 55°C for 10 sec, and 72°C for 40 sec; and 72°C for 3 min using a primer common for all AMPAR subunits. To quantify the amount of each AM-PAR mRNA, the RT-PCR products (1 l) were analyzed with the realtime PCR method (LightCycler and PCR reaction mixture; Roche Diagnostics, Mannheim, Germany) using subunit-specific primers (Sigma Genosys) and subunit and flip/flop splice variant-specific tandem hybridization probe pairs (3Ј FITC-labeled donor probes and 5Ј LcRedlabeled acceptor probes; Nihon Gene Research Laboratories, Miyagi, Japan). We detected the fluorescence resonance energy transfer signal of tandem probes as a proportional indicator to the amount of PCR product. The real-time PCR conditions were as follows: 95°C for 7 min; 50 cycles at 94°C for 10 sec; 60°C for 15 sec; and 72°C for 20 sec. To calibrate each AMPAR transcript, we used full-length AMPAR cDNA subcloned into pBluescript (generous gift from Dr. Stephen F. Heinemann, The Salk Institute, La Jolla, CA).
The AMPAR-specific reverse transcription primers were as follows: glutamate receptor subunit 1 (GluR1), CCGCTTCGACTC; GluR2, TCGTTTCGCCTC; GluR3, TGCGTTTGGACTC; GluR4, ATTCTCTT-CGCCTC.
The PCR primers common for AMPAR subunits were as follows:
The subunit-specific PCR primers (nested primers) for real-time PCR were as follows: GluR1 forward, CCACAGAGGAAGGCATGATC; GluR1 reverse, GTCCCAGCCCACCAATC; GluR2 forward, CCCTCT-GTGTTTGTGAGGACT; GluR2 reverse, GCCAAACCAAGGCCC; GluR3 forward, CAGAGCCATCTGTGTTTACCAA; GluR3 reverse, GGCCCAGACCTCCGAC; GluR4 forward, GCCGTCTGTGTTCAC-TAGAACT; GluR4 reverse, CCAAGCCCAGGCCG.
The subunit-and flip/flop-specific hybridization probes for real-time PCR were as follows: GluR1 flip probe1, GGTGGTACGATAAAGGG-GAATGTG-FITC; GluR1 flip probe2, LcRed640-AAGCAAGGACTC-CGGAAGTAAGGA; GluR1 flop probe1, AGGTGACTCCAAGGACAA-GACC-FITC; GluR1 flop probe2, LcRed640-CGCTTTG-AGCC-TCAGCAAT; GluR2 flip probe1, AATGGTGGTACGATAAAGGTGAA-TGTG-FITC; GluR2 flip probe2, LcRed640-AGCCAAGGACTCGG-GAAGTAAGG; GluR2 flop probe1, TGGTACGACAAAGGAGAGT-GCG-FITC; GluR2 flop probe2, LcRed640-CAGCGGGGGAGGT-GATTC; GluR3 flip probe1, GGTGGTACGATAAGGGGGAATGTG-FITC; GluR3 flip probe2, LcRed640-AGCCAAGGACTCCGGGA-GTAAG; GluR3 flop probe1, GAGAGTGCGGCAGCGG-FITC; GluR3 flop probe2, LcRed640-GCGGTGACTCCAAGGACA; GluR4 flip probe1, AATGGTGGTACGATAAAGGTGAATGTG-FITC; GluR4 flip probe2, LcRed640-ACCCAAGGACTCGGGAAGC; GluR4 flop probe1, GGTGGTACGACAAAGGAGAATGTG-FITC; GluR4 flop probe2, LcRed640-AGCGGGGGAGGTGACTC.
Results

Decay time kinetics of glutamate-induced AMPAR currents
After establishing an outside-out patch excised from an MNTB neuron, AMPAR currents were induced by the fast glutamate application (10 mM) (Fig. 1 B) . The decay of AMPA patch cur-rents after brief glutamate application (0.7-1.0 msec) arises from deactivation of AMPAR channels, and its time course could be adequately fitted with a single-exponential function (Fig. 1C) . When glutamate was applied for a longer period (10 or 100 msec), the patch currents declined during glutamate application because of AMPAR desensitization. The desensitization time course could be well fitted by a double-exponential function (Fig.  1 D) . Throughout postnatal development (P6 -P22), the time course of deactivation was monoexponential, whereas that of desensitization was biexponential.
Developmental speeding of desensitization and deactivation
Both the kinetics of desensitization and deactivation of AMPA patch currents became faster from P6 -P7 to P13-P14 (Fig. 2) . During this period, both the fast (desens f ) and slow (desens s ) time constants of desensitization became shorter ( p Ͻ 0.02) with no significant change in their relative proportion (Fig. 2 B) . Similarly, the deactivation time constant ( deact ) became faster ( Fig.  2 D) ( p Ͻ 0.01). These results are similar to those reported recently in mice (Joshi et al., 2004) . From P14 to P21, however, neither the desensitization time constants nor the deactivation time constant changed significantly (Fig. 2B,D) . During postnatal development, the rise time (10 -90%) of AMPA patch currents became faster: 0.34 Ϯ 0.03 msec at P6 -P7 (n ϭ 11), 0.27 Ϯ 0.03 msec at P13-P14 (n ϭ 20), and 0.21 Ϯ 0.02 msec at P20 -P21 (n ϭ 19).
Comparison of AMPAR desensitization and deactivation times with the decay time of qEPSCs
We next compared the time constants of desensitization and deactivation of AMPARs with the decay time constant of qEPSCs within the same MNTB neurons at different postnatal periods. Spontaneous EPSCs recorded from MNTB neurons mainly originate from the calyx of Held terminal and represent qEPSCs because they are indistinguishable in both frequency and amplitude A, AMPAR desensitization induced by a sustained (100 msec) glutamate application to outside-out patches excised from MNTB neurons of P7, P14, and P21 rats. B, Developmental speeding in the time constant of AMPAR desensitization. Fast components ( f ; Ⅺ), slow components ( s ; ‚), and their weighted mean ( m ; F) (see Materials and Methods) are potted at P6 -P7, P13-P14, and P20 -P21. The f was 1.31 Ϯ 0.16 msec (n ϭ 11) at P6 -P7 and 0.86 Ϯ 0.07 msec (n ϭ 20) at P13-P14 ( p ϭ 0.01). The s was 4.87 Ϯ 0.41 msec (n ϭ 11) at P6 -P7 and 2.95 Ϯ 0.32 msec (n ϭ 20) at P13-P14 ( p Ͻ 0.01). From P13-P14 to P20 -P21, no significant change was observed for desensitization time constants: f ϭ 0.78 Ϯ 0.05 msec and s ϭ 2.83 Ϯ 0.21 msec (n ϭ 19) at P20 -P21. The relative proportion of fast time constants ( f / f ϩ s ) was 58.8 Ϯ 7.3% at P6 -P7, 61.7 Ϯ 3.4% at P13-P14, and 69.7 Ϯ 3.6% at P20 -P21 (no statistically significant difference between ages; ANOVA). The m became significantly faster from P6 -P7 (2.63 Ϯ 0.11 msec) to P13-P14 (1.53 Ϯ 0.14 msec; p Ͻ 0.001) but not from P13-P14 to P20 -P21 (1.32 Ϯ 0.099 msec; p ϭ 0.43). C, Developmental speeding in the deactivation time constant of AMPAR currents induced by a brief glutamate pulse (0.7-1 msec) at P7, P14, and P21. D, Developmental speeding in the deactivation time constant ( deact ) from P6 -P7 (1.72 Ϯ 0.16 msec; n ϭ 11) to P13-P14 (0.81 Ϯ 0.07 msec; n ϭ 19; p Ͻ 0.001). From P14 to P21, no significant change was observed for the deactivation time constant: ϭ 0.72 Ϯ 0.06 msec at P20 -P21 (n ϭ 18). Data points and bars indicate mean and SEM.
from miniature EPSCs recorded in the presence of tetrodotoxin (Sahara and Takahashi, 2001; Ishikawa et al., 2002; Yamashita et al., 2003) . After recording qEPSCs in the whole-cell configuration, we excised an outside-out patch from the same cell and applied glutamate using the fast application method. The decay time of qEPSCs could be well fitted by a double-exponential function as reported previously (Yamashita et al., 2003) . Direct comparison between qEPSCs and AMPA patch currents in the same cell (Fig. 3A-C) indicated that the weighted mean decay time constant of qEPSCs ( m ) was close to the fast desensitization time constant (desens f ) as well as to the deactivation time constant ( deact ) (Fig. 3D-I ) . Thus, both the fast desensitization and deactivation of AMPARs can potentially shape the decay of qEPSCs. At P20 -P21, the weighted mean decay time constant of qEPSCs was faster than the fast desensitization time constant and the deactivation time constant ( p Ͻ 0.05). This is probably caused by a technical limitation of the fast glutamate application, because the rise time (10 -90%) of AMPAR patch currents (0.21 msec at P20 -P21) was significantly slower than that of qEPSCs (0.13 msec at P20 -P21; p Ͻ 0.05).
Effect of cyclothiazide on AMPAR desensitization and deactivation
Cyclothiazide (CTZ) blocks desensitization of AMPARs (Trussell et al., 1993; Yamada and Tang, 1993) , and its effect is stronger for AMPARs composed of flip-form GluR subunits (Partin et al., 1994) . CTZ also slows the deactivation rate of AMPAR channels (Patneau et al., 1993) . Given that the flop form of GluR is abundant in the MNTB region (Geiger et al., 1995) , we examined whether CTZ affects desensitization and deactivation of AMPARs in the MNTB neurons of developing animals. In outside-out patches, CTZ (100 M) dramatically slowed desensitization of AMPAR currents at all ages of the animals examined (P6 -P21) (Fig. 4 A) , with no significant age difference (Fig. 4C) . CTZ also prolonged the deactivation time of AMPAR currents (Fig. 4 B) by 60 -70% with a similar magnitude of slowing throughout development (Fig. 4 D) .
Effect of CTZ on synaptic currents
If AMPAR desensitization alone shapes the qEPSC decay, CTZ will markedly prolong the qEPSC decay time and abolish their . G, At P6 -P7, qEPSC f was1.09 Ϯ 0.09 msec, qEPSC m was 1.85 Ϯ 0.20 msec, desens f was 1.25 Ϯ 0.25 msec, desens m was 2.66 Ϯ 0.15 msec, and deact was 1.65 Ϯ 0.10 msec (n ϭ 6). H, At P13-P14, qEPSC f was 0.45 Ϯ 0.02 msec, qEPSC m was 0.68 Ϯ 0.05 msec, desens f was 0.94 Ϯ 0.14 msec, desens m was 1.74 Ϯ 0.20 msec, and deact was 0.81 Ϯ 0.11 msec (n ϭ 9). I, At P20 -P21, qEPSC f was 0.33 Ϯ 0.02 msec, qEPSC m was 0.48 Ϯ 0.03 msec, desens f was 0.78 Ϯ 0.05 msec, desens m was1.40Ϯ0.09msec,and deact was0.78Ϯ0.07msec(nϭ9).Thedesens f wasnotsignificantlydifferentfrom deact atallagesexamined(P6 -P21;pϾ0.2).TheqEPSC m wassignificantlyfasterthan desens f and deact ( p Ͻ 0.05; asterisks). Data points and bars indicate mean and SEM.
age difference in decay time kinetics. On the contrary, if AMPAR deactivation alone shapes the qEPSC decay, CTZ will uniformly prolong the qEPSC decay time by 60 -70%, regardless of the age of the animals. Neither of these extreme cases fitted with the results. CTZ prolonged the decay time constant of qEPSCs to 426 Ϯ 19% of control (n ϭ 8) at P6 -P7, to 265 Ϯ 42% at P13-P15 (n ϭ 9), and to 259 Ϯ 19% at P20 -P22 (n ϭ 9) (Fig. 5B) . These results suggest that both deactivation and fast desensitization of AMPARs are involved in the qEPSC decay time. The most prominent prolongation of the qEPSC decay time by CTZ at P6 -P7 suggests the greatest contribution of AMPAR desensitization to the qEPSC decay at this early postnatal period. Consistently, CTZ clearly potentiated the qEPSC amplitude at P6 -P7 ( p Ͻ 0.01; paired t test), but the potentiation became less significant as animals matured (Fig. 5C ). CTZ also prolonged the rise time of qEPSCs most prominently at P6 -P7 (Fig. 5D) . These results suggest that subsynaptic AMPARs may undergo desensitization at the rising phase of qEPSCs at these immature synapses.
The contribution of receptor desensitization to the decay time of synaptic currents would be greater when the decay of transmitter concentration in the synaptic cleft is slower (Trussell et al., 1993; Barbour et al., 1994) . Therefore, the strong slowing effect of CTZ on the qEPSC decay time at P6 -P7 might arise from slow A, Effects of CTZ (100 M) on AMPAR desensitization induced by 100 msec (left) or 800 msec (right) glutamate application at P6, P14, and P21 (the 100 and 800 msec data were derived from different patches). Control AMPAR currents induced by a 100 msec pulse before CTZ application are superimposed with those after CTZ application (left). B, Effects of CTZ on AMPAR deactivation after 1 msec glutamate application. The data in A and B were derived from different cells. C, The rate of AMPAR desensitization expressed as the mean amplitude of currents at the end of a 100 msec pulse relative to the initial amplitude (ordinate). No statistically significant difference among the values at different ages is shown. The desensitization rate at the end of a 800 msec pulse were 0.68 (P6 -P7), 0.57 (P14), and 0.53 (P21), respectively. D, The magnitude of prolongation of the AMPAR deactivation time by CTZ: 1.60 Ϯ 0.21 at P6 -P7 (n ϭ 8), 1.70 Ϯ 0.35 at P13-P14 (n ϭ 6), and 1.64 Ϯ 0.26 at P20 -P21 (n ϭ 7). Data points and bars indicate mean and SEM. Figure 5 . The effect of CTZ on qEPSCs at different postnatal periods. A, Slowings in the decay time of qEPSC by CTZ (100 M) at P7, P14, and P21. Sample records were averaged each from 183-665 qEPSCs. qEPSCs before (left traces) and after (middle traces) CTZ application are normalized at the peak amplitude and superimposed (right traces). Each value indicates the weighted mean decay time constant of averaged qEPSCs. B, The magnitude of prolongation of the qEPSCs decay time constant by CTZ at P6 -P7 (4.26 Ϯ 0.19 relative to control; n ϭ 8), P13-P15 (2.65 Ϯ 0.42; n ϭ 9), and P20 -P22 (2.59 Ϯ 0.19; n ϭ 9). C, The magnitude of potentiation in the qEPSC amplitude by CTZ. The potentiation was statistically significant at P6 -P7 (121 Ϯ 6% relative to control; n ϭ 8; p Ͻ 0.01; asterisk; paired t test) but not significant at P13-P15 (111 Ϯ 4%; n ϭ 8) and P20 -P22 (103 Ϯ 6%; n ϭ 9). D, The magnitude of prolongation in the qEPSC rise time (10 -90%) by CTZ, which was statistically significant at all ages examined ( p Ͻ 0.05; paired t test). Data points and bars indicate mean and SEM.
clearance of transmitter from synaptic cleft at this early postnatal period. The effect of CTZ would then be stronger for evoked EPSCs arising from multiple transmitter quanta. As illustrated in Figure 6 , this indeed was the case. CTZ prolonged the decay time constant of evoked EPSCs more markedly than qEPSCs at P6 -P7 (increase to 902 Ϯ 150%; p Ͻ 0.001; paired t test) and at P13-P14 (to 496 Ϯ 70%; p Ͻ 0.001; paired t test), whereas the effect of CTZ on evoked EPSCs (to 291 Ϯ 22%) (Fig. 6C ) was similar to that on qEPSCs at P20 -P22 (Fig. 5B) . Given that CTZ increases transmitter release probability by inhibiting presynaptic voltagedependent potassium conductance (Ishikawa and Takahashi, 2001) , it might increase asynchronous release, thereby prolonging the decay time. However, this effect does not seem to be significant because the increase in rise time (10 -90%) of evoked EPSCs by CTZ (by 23% at P6 -P7, 9% at P13-P15, and 14% at P20 -P22) was not larger than those of qEPSCs (Fig. 5D ) (37% at P6 -P7, 10% at P13-P15, and 14% at P20 -P22).
Developmental change in the AMPAR subunit transcripts
We next examined whether the AMPAR subunits might switch during development like other ionotropic receptors (Mishina et al., 1986; Akagi and Miledi, 1988; Becker et al., 1988; Watanabe et al., 1992; Okada et al., 2000) . After recording qEPSCs from MNTB neurons, intracellular contents were harvested into the patch pipette and submitted for the quantitative RT-PCR analysis (Lambolez et al., 1992) . As illustrated in Figure 7A , GluR4 flop is the most abundant form of the AMPAR subunit transcript throughout development. GluR2 flop mRNA was the second most abundant form, comprising 20% of the total GluR1-GluR4 transcripts throughout development. During postnatal development, GluR1 flop mRNA decreased, whereas GluR3 flop mRNA Figure 6 . The effect of CTZ on nerve-evoked EPSCs at different postnatal periods. A, Slowings in the decay time of EPSCs by CTZ (100 M) at P7, P14, and P21. Sample records were averaged each from 10 EPSCs. Evoked EPSCs before (left traces) and after (middle traces) CTZ application are normalized at the peak amplitude and superimposed (right traces). Each value indicates the weighted mean decay time constant of averaged EPSCs. B, Summary in the weighted mean decay time constants of evoked EPSCs before (Ⅺ) and after (f) CTZ application at different postnatal days. C, The weighted mean decay time constants ( m ) of evoked EPSCs after CTZ application relative to control were 9.02 Ϯ 1.54 (n ϭ 10) at P6 -P7, 4.96 Ϯ 0.70 (n ϭ 10) at P13-P15, and 2.92 Ϯ 0.22 (n ϭ 9) at P20 -P22. Data points and bars indicate mean and SEM. increased. With respect to the relative abundance of flip and flop mRNAs, the flop form comprised 83.6 Ϯ 4.9% (n ϭ 20) of the total GluR1-GluR4 mRNAs at P7 and increased to 94.7 Ϯ 2.0% (n ϭ 17) at P14 ( p Ͻ 0.05), with no additional increase at P21 (96.8 Ϯ 1.5%; n ϭ 15).
Recombinant AMPARs composed of GluR2 flop or GluR4 flop have a faster desensitization time than those composed of the flip form, whereas deactivation time is similar between flip-and flop-form GluRs (Mosbacher et al., 1994; Koike et al., 2000) . Consistently, in neocortical neurons, the abundance of GluR flop is associated with the fast desensitization time of AMPA patch currents, whereas it is unrelated with the deactivation time (Lambolez et al., 1996) . In CNS neurons, the abundance of GluR4 flop is correlated with the AMPAR desensitization time and also weakly with the deactivation time (Geiger et al., 1995) . In singlecell RT-PCR analysis, we examined whether the qEPSC decay time constant is correlated with the abundance of GluR4 flop (Fig. 7B) . At P7, the weighted mean decay time constant of qEPSC had a clear inverse correlation with the relative amount of GluR4 flop mRNAs (r ϭ Ϫ0.69). In contrast, at P14 and P21, there was no correlation between these parameters. These results are consistent with the idea that the contribution of AMPAR desensitization to qEPSC is high at P7 but decreases as animals mature.
Discussion
Our present results at the calyx of Held suggest that the developmental speeding in the decay of AMPA-EPSCs cannot simply be attributed to a developmental change in the AMPAR deactivation or desensitization kinetics, but that the contribution of desensitization to the EPSC decay becomes less important as animals mature. This is in agreement with what is reported at chick auditory synapses (Brenowitz and Trussell, 2001 ) but contrasts with the report at the cerebellar granule cell synapse, where desensitization becomes increasingly important in shaping EPSC decay as animals mature (Wall et al., 2002) . This conclusion is supported by the finding that the slowing effect of CTZ on the EPSC decay decreased with development, whereas that on the AMPA patch currents remained constant throughout development. This assumes that subsynaptic and extrasynaptic AMPARs are identical, which is supported by the functionally identical dendritic and somatic GluR channels in Purkinje cells (Häusser and Roth, 1997) and also by the recent reports that subsynaptic AMPA receptors are inserted and removed by lateral diffusion via extrasynaptic receptors (Borgdorff and Choquet, 2002; Ashby et al., 2004) .
Developmental changes in the GluR transcripts
Our quantitative single-cell RT-PCR study indicated that GluR4 flop is the most abundant GluR transcript in the MNTB neuron throughout development, as reported previously for these neurons in P11-P12 rats (Geiger et al., 1995) . Our results further indicated that the proportion of GluR4 flop increased from P7 to P14 but remained similar thereafter. GluR2 flop was the second most abundant GluR transcript in MNTB neurons. In contrast, Joshi et al. (2004) reported that GluR2 immunoreactivity is virtually absent in MNTB neurons in mice throughout development (P5-P18). Consistent with GluR2 deficiency, in mice the current-voltage relationship of AMPA-EPSCs shows a strong rectification with little outward current in the presence of intracellular spermine in the MNTB neurons (Joshi et al., 2004) . In contrast, in rats GluR2 immunoreactivity was present throughout development both in the synaptic and extrasynaptic regions of MNTB neurons (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material), and the current-voltage relationship of AMPA-EPSCs with spermine was less rectified than that in mice (rectification index 0.3 at P7) (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). Thus, the GluR2 expression in MNTB neurons seems different between mice and rats.
Recombinant AMPARs composed of GluR4 flop (Mosbacher et al., 1994) or GluR2 flop (Koike et al., 2000) show the fastest desensitization among those composed of different GluR subunits. In the cerebral cortex, AMPAR subunit mRNAs in pyramidal cells are mostly in the flip form, and those in nonpyramidal cells are in the flop form (Lambolez et al., 1996) . Consistent with recombinant studies, desensitization of the AMPA patch currents is much faster in nonpyramidal cells than in pyramidal cells (Lambolez et al., 1996) . Thus, developmental increase in GluR4 flop in MNTB neurons from P7 to P14 explains the marked speeding in the AMPAR desensitization kinetics during this period (Figs. 2 B, 7A) . Given that the developmental speeding of AMPAR desensitization resulted from speedings of both fast and slow components with no change in their relative proportion, abundance of GluR4 flop may affect the desensitization kinetics itself, rather than the relative proportion of fast and slow desensitizing components.
At P7, CTZ prolonged the qEPSC decay by Ͼ300% (Fig. 5) , whereas it prolonged the AMPA patch current deactivation by only 60% (Fig. 4 D) . Furthermore, the abundance of GluR4 flop transcript was inversely correlated with the qEPSC decay time constant at P7 (Fig. 7B) . Together, these suggest a significant contribution of AMPAR desensitization to the EPSC decay time at this immature period. At P14 and P21, the magnitudes of prolongation of qEPSC decay by CTZ were 165 and 159%, respectively (Fig. 5 ), which were still larger than the effect of CTZ on the AMPAR deactivation at these ages (70% at P14 and 64% at P21) (Fig. 4 D) , suggesting that the AMPAR desensitization still contributes to shape the qEPSC decay after P14, albeit to a lesser extent. Because the EPSC decay time constant was close to the time constants of both fast desensitization and deactivation of AMPARs in individual MNTB neurons (Fig. 3) , the EPSC decay time after P14 is likely to be shaped by both fast desensitization and deactivation of AMPARs. The GluR4 flop abundance was correlated with the qEPSC decay time only at immature synapses. Compared with GluR flip, GluR flop AMPARs have a faster desensitization time but similar deactivation time (Mosbacher et al., 1994; Koike et al., 2000) . Also, the abundance of GluR flop is associated with fast desensitization but not with deactivation of the AMPA patch currents in neocortical neurons (Lambolez et al., 1996) . Thus, the clear correlation between GluR4 flop abundance and the qEPSC decay time at P7 is consistent with the results of CTZ, indicating greater involvement of desensitization at immature synapses.
In recombinant AMPARs, CTZ preferentially blocks desensitization of those composed of GluR flip variants (Partin et al., 1994; Fleck et al., 1996) . However, in MNTB neurons, despite abundant GluR flop variants throughout development, desensitization of AMPAR currents was dramatically reduced by CTZ. At the mouse calyx of Held, Joshi et al. (2004) postulated that a shift in the dominance of AMPAR subunit from GluR1 to GluR3/4 may account for the developmental speeding of AMPA-EPSC kinetics. Although our RT-PCR results are consistent with the results of immunoreactivity by Joshi et al. (2004) regarding the developmental decrease in GluR1 and increase in GluR4, our results indicate that developmental speeding of the AMPA-EPSC kinetics cannot simply be attributed to the switch of AMPAR subunits.
Contribution of deactivation and desensitization of AMPAR channels to EPSC decay time kinetics
It is variable among synapses whether the EPSC decay time is shaped by desensitization or deactivation of postsynaptic AMPARs. At the avian magnocellular synapse, Otis et al. (1996b) demonstrated that multiquantal transmitter glutamate desensitizes postsynaptic AMPARs. At this synapse, desensitization is fast, and transmitter released from individual sites overlaps with each other, thereby retarding the clearance of transmitter from synaptic cleft (Trussell and Fischbach, 1989; Trussell et al., 1993) . With slow clearance, transmitter can react with receptors multiple times, thereby prolonging the decay time of quantal synaptic responses (Katz and Miledi, 1973) . In such a situation, fast desensitization of AMPARs can shape synaptic currents (Trussell et al., 1993; Barbour et al., 1994) . In contrast, at the hippocampal, cerebral cortical, and cerebellar synapses of rodents, where transmitter clearance from synaptic cleft is fast, AMPAR deactivation shapes the decay time of qEPSCs (Colquhoun et al., 1992; Hestrin, 1992; Diamond and Jahr, 1995; Silver et al., 1996; Geiger et al., 1997) .
Different speed of transmitter clearance from synaptic cleft underlies different decay times of EPSCs recorded from cerebellar Purkinje cells and interneurons (Barbour et al., 1994) . Glutamate transporters contribute to transmitter clearance in chick auditory brainstem synapses (Otis et al., 1996a) . At the calyx of Held (P14 -P21), however, glutamate uptake inhibitors (100 M dihydrokainic acid, 500 M L-trans-2,4-pyrrolidine-2-4-dicarboxylic acid, or 100 M threo-␤-benzyloxyaspartic acid) showed only a marginal slowing at the decay phase of evoked EPSCs (M. Kaneko and M. Koike-Tani, unpublished observations) , suggesting that clearance of transmitter glutamate from synaptic cleft depends mainly on diffusion. Across the period of hearing onset (P9 -P13) (Mikaelian and Ruben, 1964; Futai et al., 2001) , the calyx of Held nerve terminal reforms its shape from spoon-shape to finger-like structure (Kandler and Friauf, 1993) . These morphological changes may presumably speed up transmitter clearance from synaptic cleft, thereby decreasing the contribution of desensitization to the decay time of synaptic currents.
Another factor that enhances desensitization would be the high occupancy of AMPARs by transmitter. At the immature calyx of Held, the low-affinity AMPAR agonist kynurenate attenuates synaptic depression during repetitive stimulation at P5-P7 but not at P12-P14, suggesting that AMPAR occupancy may be greater in more immature animals (Taschenberger et al., 2002) . Direct loading of glutamate into the calyceal nerve terminal also indicated higher receptor occupancy at P7 (T. Yamashita and T. Takahashi, unpublished observation) than at P14 (Ishikawa et al., 2002) or P28 (Yamashita et al., 2003) . Thus, the developmental decrease in the contribution of desensitization to the decay time of synaptic currents may arise from a developmental decrease in receptor occupancy and speeding in transmitter clearance.
